We describe the concept of Doppler asymmetric spatial heterodyne spectroscopy (DASH) and present a laboratory Doppler-shift measurement using an infrared laser line. DASH is a modification of spatial heterodyne spectroscopy optimized for high precision, high accuracy Doppler-shift measurements of atmospheric emission lines either from the ground or a satellite. We discuss DASH design considerations, field widening, thermal stability and tracking, noise propagation, advantages, and trade-offs. DASH interferometers do not require moving optical parts and can be built in rugged, compact packages, making them suitable for space flight and mobile ground instrumentation.
Introduction
Historically, Doppler-shift measurements of atmospheric emission lines have been used to derive atmospheric wind speed and direction using ground-based and satellite instruments. Satellite measurements provide global scale coverage, yet only few such instruments have been built and flown. Currently, global wind data for the middle and upper atmosphere are not routinely available, even though they are required for studying atmospheric dynamics and energetics and they are of critical importance for constraining global scale models [1] . Here we present a detailed discussion on the recently developed Doppler asymmetric spatial heterodyne spectroscopy (DASH) technique [2] . DASH combines advantages of state-of-the-art optical techniques while avoiding some of their limitations.
After a brief review of the DASH heritage, we describe the optical concept and the optimum optical path offset. We also include considerations important for the choice of the Littrow wavenumber and the resolving power in the interferometer design. After discussing the DASH noise propagation we show that DASH interferometers can be field widened, which is essential for obtaining high sensitivity in a compact, rugged instrument suitable for space flight. After summarizing important DASH advantages and trade-offs, we present the first Doppler shift measurements made with a DASH interferometer.
Heritage
To date, space-based Doppler-shift observations of atmospheric emission lines have been made from a few research satellites to obtain wind information. Since the measured Doppler shift contains only velocity information along the line of sight, measurements of horizontal wind speed and direction require the observation of the same location using two perpendicular viewing directions. For a satellite in low Earth orbit, this is typically achieved by viewing the Earth's limb 45°and 135°from the ram direction of the satellite, which results in the observation of the same location within several minutes and with two perpendicular fields of view. Doppler wind observations from satellites have been made using either Fabry-Perot interferometers [3, 4] , a stepped Michelson interferometer [5] , or a microwave spectrometer [6] .
Fabry-Perot interferometers can measure wind field information and also allow density retrievals using line intensities in addition to temperature retrievals using line shapes and relative line intensities. The main technical challenges for the FabryPerot interferometers are the demanding fabrication and alignment tolerances ͑ϳ͞20͒ and, in case of a satellite instrument, maintaining the alignment on orbit. The large resolving power that is required for wind measurements limits the throughput and drives the overall size of the instrument.
Stepped Michelson interferometers, also known as stepped Fourier transform spectrometers (FTS), use the fact that a small frequency shift of a single emission line results in a phase shift in the interferogram fringe pattern that increases with increasing optical path difference (OPD). For a single, isolated atmospheric emission line, this phase shift can be determined by measuring a small number of interferogram points. These points are ideally separated by a path difference of ͞4 around a large OPD offset. Typically, four interferogram samples are measured using either a moving mirror [5, 7] or a faceted mirror [8, 9] , which eliminates the moving parts in the interferometer. Stepped Michelson interferometers can be field widened and temperature compensated [10, 11] to achieve the sensitivity and stability necessary for a satellite instrument. Data from stepped Michelson interferometers can also be used to obtain temperature data using line shape information, which is contained in the interferogram contrast [5] . A limitation of stepped Michelson interferometers is that the isolation of a single atmospheric emission line typically requires an ultranarrow prefilter with all its attendant difficulties and reduction in throughput. Further limitations are that the interferogram is only sampled at a few (typically four) OPDs and instrument drifts cannot be monitored simultaneous with every atmospheric measurement, since only one line may be in the passband at any time.
DASH can be considered a combination of stepped FTS and spatial heterodyne spectroscopy (SHS). The SHS concept is similar to a Michelson interferometer, but the interferometer arms are terminated by fixed, tilted gratings. SHS instruments measure all interferogram samples simultaneously in the spatial domain using a line or array detector. They heterodyne the spatial fringe frequency around the Littrow wavenumber, L , of the gratings, which allows the optimum use of the number of array detector elements [12] . Detailed descriptions of the SHS concept and data analysis can be found in publications by Harlander et al. [12, 13] , Englert et al. [14] , and Englert and Harlander [15] . SHS instruments can be field widened with fixed prisms and they can be built as very compact, robust, and lightweight packages suitable for space flight [13] .
DASH Concept

A. Optical Configuration
Typical atmospheric wind velocities cause atmospheric emission lines to be Doppler shifted by only a few parts in 10 8 . This small wavelength shift results in a small frequency change in the interferogram as recorded by an SHS, DASH, or FTS instrument. Figure 1 shows an ideal interferogram of a single, infinitely narrow spectral line versus OPD and the interferogram of a slightly Doppler-shifted line. As is well known, the small frequency change in the interferogram has a negligible effect for small OPDs; however, at longer path differences it appears predominantly as a phase shift. The main objective of DASH is to measure this phase shift; thus, it is sufficient to measure the interferogram at high OPDs. Note that the brightness of the interferogram and the fringe contrast contain information about the density of the emitter and the line shape, just as in the stepped FTS case [5] .
The phase shift, ␦, of a single emission line as a function of the OPD, 2⌬d, or interference order, k ϭ 2⌬d, can be written as [5] :
where is the non-Doppler-shifted wavenumber of the emission line, v is the Doppler velocity, and c is the speed of light.
Using the configuration illustrated in Fig. 2 , DASH allows the measurement of the interferogram within a path difference interval around the path difference offset 2⌬d. The DASH concept is a slight modification of the SHS concept [12] . The only difference is the additional optical path offset in one arm, which makes the interferometer asymmetric. Like SHS, DASH can be explained assuming a plane wavefront entering the interferometer shown as the vertical dashed line in Fig. 2 . The wavefront is split at the beam splitter so that the two resulting beams illumi- nate the gratings at the end of the interferometer arms. After being diffracted at the gratings, the wavefronts return to the beam splitter and recombine. At this point, the two wavefronts are each tilted by the angle ␥ Ϸ 2 tan L ͓͑ Ϫ L ͔͒͞ with respect to the optical axis, and one wavefront is delayed by the optical path offset 2⌬d. Due to the wavelengthdependent tilt of the wavefronts caused by the gratings, the detector array records a wavenumberdependent Fizeau fringe pattern, which is the Fourier transform of the incident spectral density heterodyned around the Littrow wavenumber L ϭ 1͑͞2g sin L ͒, where 1͞g is the groove density of the gratings. The interferogram recorded by the DASH array detector can generally be written as
where x is the location on the detector array as indicated in Fig. 2 (x ϭ 0 is the center of the array), L is the Littrow angle of the gratings, B͑͒ is the spectral density of the incident radiation, and the magnification of the imaging optics (L 2 and L 3 in Fig. 2 ) is assumed to be unity. The sampled path difference interval, d, is
where W is the beam width measured along each grating. The effective resolving power can be found using R ϭ ͑4W sin L ͒ Ϸ 2W͞g. The resolving power is equivalent to the number of illuminated grating grooves. This is the same result as for conventional SHS [12] .
In contrast to the typical stepped Michelson interferometer, DASH allows the simultaneous measurement of several hundred interferogram samples within the path difference interval defined in Eq. (3). This means that DASH can simultaneously measure multiple lines, including calibration lines that can be used to track instrumental drifts.
B. Optimum Path Difference Offset
Atmospheric emission lines are subject to line broadening effects such as pressure and temperature broadening. Line broadening affects the envelope of the interferogram; a broader line corresponds to an envelope that decreases more rapidly with increasing path difference. In general, this envelope function causes the interferogram contrast, or visibility, to decrease with increasing OPD, as shown for a purely temperature broadened line in Fig. 3 . This effect competes with the increasing phase shift for increasing optical path difference [see Eq. (1)] so that there is an optimum path difference offset for which measuring the phase shift and thus the Doppler shift is most sensitive. We find this optimum path difference by maximizing the envelope of the difference between the interferograms of a Doppler-shifted and a Doppler-non-shifted line (see Fig. 3 ). Maximizing the envelope, rather than the actual interferogram differences, is appropriate since the DASH concept allows the simultaneous observation of many fringes, as will be discussed in Section 4. For the example of a purely temperature broadened line, which has a Gaussian line shape proportional to exp͓Ϫ͑
2 ͔ and a width of
the optimum path difference is where T is the temperature, m is the mass of the emitter, 0 is the wavenumber of the line center, and k is the Boltzmann constant. Although Eq. (5) predicts the optimum path difference about which to make a Doppler measurement, practical concerns such as the size and sensitivity of the instrument may require the instrument be build with a nonoptimum, typically smaller, path difference. Finally, we point out that the optimum path difference only depends on the emission line shape. This is the case even if more than one line is within the passband, as will be discussed in Section 4.
C. Phase (Doppler Shift) Determination
We can simplify the DASH interferogram from several emission lines by writing
where j indexes several lines in the passband, x is the location on the detector as shown in Fig. 2 , S j is proportional to the line brightness, E j ͑x͒ are the envelope functions that depend on the individual line shape and the path difference offset, j ϵ 4͑ j Ϫ L ͒tan L are the heterodyned spatial fringe frequencies for each line center, j , ⌽ j ϵ 4͑ j Ϫ L ͒⌬d are additive phase terms, and ␦ i are the phase shifts resulting from the Doppler shift of each line. Note that also changes with the Doppler shift of the line, but that effect is typically negligible for typical atmospheric wind speeds.
When the bandpass, Littrow wavenumber, and path difference interval are chosen appropriately (see Section 4), the Fourier transform of Eq. (6) yields a complex spectrum with localized, well-separated features around spatial frequencies ϩ j and Ϫ j . The next step is to isolate one of these features, e.g., j ϭ 0, by zeroing out all spectral elements (including the ones at Ϫ 0 ) except the ones within a local region around ϩ 0 . This step effectively eliminates all interferogram contributions [see Eq. (6)], except one of the exponential terms, so that after the inverse Fourier transfom we get
Using Eq. (7), the phase term can now be calculated from the ratio of its imaginary and its real part [14, 16] :
After subtraction of 2 0 x ϩ ⌽ 0 , which is also called the zero wind phase, we get the phase shift ␦ 0 caused by the Doppler shift for this particular line. The speed between the emitter and the spectrometer can now be calculated using the phase shift ␦ 0 and Eq. (1). The procedure can be applied for all lines in the passband ͑j ϭ 0, 1, . . .͒, yielding an independent velocity measurement for each line.
We point out that the subtraction of the zero wind phase is a very critical step, since the zero wind phase is likely to be sensitive to instrument drifts. One method to determine the zero wind phase is to simultaneously observe a known, non-Doppler-shifted reference line. With DASH one can, for example, use an in situ calibration lamp that has one or more spectral lines in the passband and superimpose its signal onto the observed scene with an additional beam splitter. This way every exposure includes a simultaneous zero wind calibration (see also Section 7).
Choice of Passband, Littrow Wavenumber, and Resolving Power
To optimize the sensitivity of the atmospheric wind measurement, the choice of the passband depends on many factors such as the targeted emission spectrum, radiative transfer considerations, and͞or detector performance, to name only a few. Here, we focus on the considerations that are generally important for a DASH instrument rather than specific to a particular application.
First, one or more emission lines must be identified. If more than one line is chosen, they need to be well separated, i.e., their spectral spacing should be at least several times their linewidth. Second, the Littrow wavenumber and resolving power are chosen, which will constrain the number of illuminated grating grooves, the groove density, and the grating angle (see Subsection 3.A) of the DASH interferometer. The choice should be made so that the observed emission lines correspond to well-separated spatial frequencies that can be easily isolated in the spectral domain as described in Subsection 3.C. For example, assuming a resolving power of 6000, a Littrow wavenumber of 6000 cm
Ϫ1
, and three emission lines at 6020, 6060, and 6085 cm Ϫ1 , the interferogram consists of roughly 20, 60, and 85 fringes, respectively, across the detector. To avoid aliasing, the highest fringe frequency may not exceed the Nyquist frequency, that is, the number of fringes across the detector width may not exceed the number of detector pixels divided by 2. This example illustrates that the heterodyning aspect of DASH is essential for achieving well-separated fringe frequencies that can easily be sampled by available detector arrays that typically have hundreds of pixels. Without heterodyning, the fringe frequencies would be proportional to the line positions in wavenumbers, so that in the cited example, the fringe frequencies of the lines at 6060 and 6085 cm Ϫ1 would differ by less than 0.5% (see also Section 6). Choosing fringe frequencies that are well separated also ensures that the envelope of the beat pattern from two or more lines in the passband has a periodicity that is significantly smaller than the width of the detector. This way the interferogram sampled by the detector can never be confined to a region near a node or zero point of the beat pattern envelope, which would result in greatly reduced contrast for the entire interferogram. Rather, the optimum path offset remains a function of the line shape only (see Subsection 3.B).
The passband is typically defined by an optical filter in the DASH instrument. It is very important to note that the DASH filter is not required to isolate a single line in the observed emission line spectrum, such as in the case of a stepped Michelson interferometer. This generally allows the usage of a broader filter, with significantly higher peak transmittance as well as less angular and thermal dependence of the transmittance, which results in higher etendue and therefore higher sensitivity of the instrument.
Noise Propagation
To estimate the Doppler velocity sensitivity of a DASH instrument, one needs to estimate the precision of the phase retrieval [see Eq. (1)]. Here, we specifically describe the noise propagation from the measured interferogram to the retrieved phase [see Eq. (8)].
We start with the random noise, I , of the dark and flat field corrected [15] interferogram. For a photon shot-noise-limited detector array and perfect fringe contrast, one can estimate, for example,
where I tot is the total number of detected electrons in the interferogram, N is the number of interferogram samples (e.g., number of pixels in a row of the focal plane array), r is the read noise component, and d is the dark noise component. After Fourier transformation into the spectral domain, the random noise in the interferogram propagates to random noise in the real and imaginary part of the spectrum with a distribution width of
After isolating the localized spectral feature of one emission line with a boxcar function that is n pixels wide, centered on the feature, and subsequent inverse Fourier transformation into the interferogram domain, the distribution width of the random noise in both the real and imaginary part of the isolated interferogram can be written as
It is important to point out that the line isolation with the boxcar function results in noise in the interferogram that is no longer uncorrelated from sample to sample. Only n samples remain uncorrelated; the others result from their interpolation.
Propagating the correlated noise of the isolated interferogram through Eq. (8) results in the magnitude of the correlated noise in the retrieved phase, P ISO , in units of radians:
ͱ2Nn, (12) where A i is the amplitude of the fringe for the isolated line i in the measured interferogram and I i is the total modulated signal detected in the interferogram for the isolated line i. Other potential sources of error include systematic and random uncertainties from the zero wind phase subtraction or pointing errors of a satellite platform, which can result in the improper correction for the satellite velocity.
Field-Widened DASH
The maximum field of view that can be accepted by any interferometer, and therefore its sensitivity for diffuse sources, is determined by how the interferometric path difference varies with off-axis angle. To minimize this variation and achieve a maximum possible field of view SHS instruments can be field widened by placing fixed prisms in each arm of the interferometer [12] . The field of view for a fieldwidened SHS depends on the prism angle and is generally larger for smaller prism angles [12] . The maximum solid angle that can be accepted by a fieldwidened SHS is typically 2 orders of magnitude larger than interferometers without field widening. The resulting increase in sensitivity is critical for high spectral resolution geophysical measurements where signals can be weak and͞or are obscured by large background signals. Field-widening techniques have also been used with stepped FTS; however, in this case plane-parallel blocks of glass are used instead of prisms [5] . Figure 4 is a schematic of a fieldwidened DASH interferometer designed, as an example, to measure four atmospheric O 2 1 ⌬ lines in the near-infrared (NIR) at wavelengths approximately 1.250 m. The prism and grating angles in the two arms are the same; however, the prism in the lower right-hand portion of the figure is thicker to compensate the larger optical path in this arm. As indicated earlier, this system can be considered as a symmetric field-widened SHS with an offset aperture. Table 1 indicates key specifications and the optical performance of this interferometer as determined by ray tracing. Note in particular that the field-widening prisms enable the system to view a solid angle that is approximately 450 times larger than a non-fieldwidened system of the same resolution. Table 2 lists four targeted O 2 1 ⌬ lines near ϭ 1.250 m along with the number of fringes each line produces across the full aperture of the DASH interferometer. The last column indicates the number of fringes a nonheterodyned Michelson interferometer would need to record over the same path difference interval. The smaller number of fringes for the SHS and DASH enables sampling of the interferogram with a practical detector having hundreds of pixels. To simultaneously measure these four lines with a stepped Michelson interferometer a prefilter must be used to spatially separate each line on a different portion of the detector [17] , which adds complexity and reduces the sensitivity of the measurement.
Phase Stability
Michelson-based instruments, including ones that use the DASH concept, depend on measuring the absolute phase of the fringe pattern to determine the Doppler wind velocity. As a result one of the most challenging aspects of these measurements is the calibration and tracking of instrument drifts that affect the phase measurement. The drifts can be minimized by appropriate thermal compensation within the interferometer. In addition, active thermal control is possible as well as periodic measurements of a calibration source to determine the zero wind reference. All of these techniques have been implemented previously (e.g., on the WINDII instrument [5, 11] ) and can be readily adapted to DASH. Since DASH can measure many lines simultaneously, the calibration source can be observed during an exposure that eliminates difficulties associated with alternating exposures between science and calibration images.
Advantages and Trade-Offs
The following is an itemized list of the most important advantages and trade-offs of the DASH concept for measuring atmospheric wind:
No moving parts: Like SHS interferometers, DASH interferometers do not require any moving optical components and can be built in a compact, robust way, which makes them highly suitable for space flight [13] .
Etendue: Like the stepped Michelson technique, DASH has large interferometric throughput and can be field widened [5] .
Multiline capability: DASH interferometers can observe multiple emission lines simultaneously in the passband, which eliminates the use of ultranarrow filters and the associated reduction in throughput and temperature sensitivity. Note that accepting multiple lines into the interferometer does have an impact on the multiplex noise as outlined in Section 5, due to the increase in total signal, I tot . Typically, however, the multiline benefit outweighs the multiplex penalty since the noise in the phase determination is proportional to the square root of the total signal [see Eqs. (9) and (12)].
Simultaneous phase tracking: The capability to simultaneously observe multiple lines allows the tracking of the zero wind phase by superimposing a known emission line onto the atmospheric scene.
Increased immunity to ghosts and background features: Since DASH records several hundred interferogram points within an OPD interval centered on a path offset, one gains increased immunity to ghost fringes and background features.
Thermal drifts: Just as for stepped Michelson interferometers and Fabry-Perot interferometers, thermal effects on the measured phase are expected to be significant. To mitigate these effects the interferometer can be designed using materials that provide [5, 11] . In addition, the above-mentioned simultaneous phase tracking may be used to quantify and ultimately correct the remaining thermal effects.
One-dimensional imaging: Like stepped Michelson interferometers and Fabry-Perot interferometers, DASH can be designed for one-dimensional imaging using a two-dimensional detector array. For a space-based instrument this means that no limb scanning is required in order to measure a vertical wind profile.
Experimental Demonstration
A. Overview
A non-field-widened breadboard DASH interferometer was built and used to measure the Doppler shift of a laboratory line source for a typical upper atmospheric wind speed. The line source and the passband of the instrument were chosen to be in the NIR ͑ϳ1.5 m͒ since there are atmospheric emission lines close to this wavelength region that are suitable for wind measurements on Earth and other planets [17, 18] . The DASH breadboard was constructed using predominantly commercial off-the-shelf (COTS) components.
B. Instrument Description
The laboratory setup consists of two major parts, the line source and the spectrometer. A diode laser beam that is reflected from a spinning wheel provides a collimated source that can be alternated between Doppler shifted and non-Doppler shifted using a chopper wheel. The spectrometer includes the DASH interferometer, exit optics, and an array detector. The principal components of the breadboard are described in Table 3 .
A schematic of the source setup is shown in Fig. 5 . The signal from a 40 mW, single-mode, temperaturecontrolled diode laser with Ӎ 6630 cm
Ϫ1
, passes through an optical isolator to prevent back coupling into the laser cavity. After the isolator, the beam is collimated and sent through a beam splitter to a chopper wheel. The chopper wheel is covered with retroreflecting tape so that a non-Doppler-shifted beam is reflected back to the beam splitter when the chopper blade blocks the optical path to the spinning disk (or Doppler wheel). The Doppler wheel is an aluminum disk, also coated with retroreflecting tape that is mounted at an angle to the optical axis. It rotates in order to produce a Doppler shift in the retroreflected beam. The beam returning from the Doppler wheel is subsequently reflected by the beam splitter and coupled back into an optical fiber via a focusing lens. This fiber serves as the input to the interferometer.
The optical layout of the interferometer is shown in Fig. 2 where the path difference ⌬d was set to 7.75 cm. A photograph of the breadboard interferometer and Doppler wheel is shown in Fig. 6 . The interferometer was vibrationally isolated from the optical bench, and a top cover was used to suppress ambient and stray light contributions. Fig. 5 . Schematic of the laboratory setup. The monochromatic signal from a laser diode is guided by an optical fiber through an optical isolator and collimated by a single lens. The collimated beam is transmitted by a beam splitter and a chopper wheel and reflected by retroreflecting tape on a spinning disk that is mounted at an angle with respect to the optical axis. The Doppler-shifted signal from the spinning disk returns back through the chopper and is reflected by the beam splitter and then coupled into an optical fiber that guides the signal to the collimator feeding the interferometer (see also Fig. 2) . The chopper blade is also coated with retroreflecting tape so that a non-Doppler-shifted signal enters the interferometer when the chopper is closed. 
C. Results
Single line: Figure 7 shows a typical fringe image or interferogram as obtained by the DASH breadboard instrument when viewing a monochromatic source. As expected from Eq. (2), the image shows a cosine fringe pattern with a single spatial frequency across the detector. The image has been dark corrected and flat-field corrected [15] . The upper panel of Fig. 8 shows the intensity within a single row of a measured interferogram. The middle panel of Fig. 8 shows the real and imaginary part of the Fourier transform of this interferogram. The salient features of this complex spectrum are the lines around Ϯ 0 ϭ Ϯ64 fringes per detector width. This is the fringe frequency produced by the wavelength of the laser diode. Following the procedure described in Subsection 3.C, the phase of the interferogram can be determined. A change in phase is a measure of a shift in line position and thus Doppler velocity. The isolation of the feature near ϩ 0 is achieved by multiplying the complex spectrum with the boxcar function also shown in the middle panel of Fig. 8 . The resulting phase of the interferogram is shown in the bottom panel of Fig. 8 . For a Dopplershifted line, the phase is expected to change according to Eq. (1). The phase shift of the fringe pattern along one detector row is a linear function of the OPD, and thus changes linearly across the recorded fringe pattern. Each pixel in the row provides a measure of a phase change due to the Doppler shift. A simple way to determine the phase shift between two fringe patterns is to compare the average phases across one single row. Subtracting these row averages yields the phase shift, ␦, in the middle of the recorded fringe pattern ͑x ϭ 0͒, for which we defined the path offset ⌬d (see Fig. 2 ).
The top panel of Fig. 9 shows the row-averaged phases for each frame in a series of measurements taken at 100 measurements per second, where the average phase of the first measurement was subtracted from all subsequent ones. One can clearly see the regularly occurring phase shifts in the series that are a result of the chopped signal, alternating the Doppler-shifted signal and the reference, nonDoppler-shifted signal. One can also see a drift that is slowly varying compared to the sample rate. This drift is likely due to the control loop of the thermal stabilization of the laser. To measure the phase shift caused by the Doppler effect, the mean phase of the Doppler-shifted interferogram was subtracted from the mean phase of the non-Doppler-shifted interferogram. The results for several measurement series are Fig. 6 . Photographs of the laboratory setup showing the source and interferometer part; (a) shows the laser diode (LD) at the bottom center. The light from the laser is directed by an optical fiber to a beam splitter which is shown on the right of the inset (b). After being transmitted by this beam splitter, the signal is retroreflected either by the chopper wheel (C) or the spinning disk (SD), which imposes a Doppler shift to the incident beam. The returning beam is then reflected by the beam splitter and coupled into a fiber that feeds the interferometer via a collimating lens (L1). The interferometer is set up analogous to Fig. 2 with the two gratings, G1͞2, the beam splitter, BS, the exit optics, L2͞3, and the detector array, D. shown in Table 4 along with the Doppler speed, v, derived from the phase shift:
The uncertainties quoted in Table 4 for the phase difference are the combined standard deviations of the two drift corrected measurement series as shown in the bottom panel of Fig. 9 . They are a combination of the random noise in the interferogram propagated through the phase determination [see Eq. (12)] and systematic contributions. For this breadboard we estimate that the primary contribution to the systematic uncertainty is due to the slow drift, which we attribute mainly to the frequency stabilization of the laser. Other contributors to the uncertainties are the thermal stability of the interferometer and the exit optics. Note that the stability of the source is not an issue for an atmospheric measurement. The thermal stability of a DASH interferometer and the exit optics can be tracked simultaneously with a known emission line source as described in Section 7.
For each measurement series in Table 4 the laser was thermally tuned to a slightly different wavelength so that the recorded fringe frequency was different. Also shown in Table 4 is the expected Doppler velocity, v, calculated from the angular velocity of the rotating retroreflecting disk, , the radial distance of the retro-reflected spot from the disk center, r, and the angle of the disk with respect to the incident beam, :
The results agree within Ͻ1.6 ms
Ϫ1
, and demonstrate the first Doppler velocity measurement using the DASH technique. In the following we briefly discuss the data analysis for the multiple line case.
Multiple lines: An example of a flat fielded interferogram image with two lines in the passband is shown in Fig. 10 . Instead of a cosine fringe with a single spatial frequency the interferogram is a beat pattern resulting from two cosine fringes with different spatial frequencies. Since our DASH breadboard only has one laser source, this image was created by adding two interferogram images, each recorded for a different, thermally tuned, laser frequency. Interferograms for a two line source could have been recorded simultaneously; however, such a source was not available to us. Figure 11 shows one row of the two-line interferogram image in the upper panel and the complex spec- trum in the bottom panel. Just as for the single-line case, each one of the lines can be isolated (e.g., with a boxcar function centered on the spectral feature). In case the instrumental line shape function contributions from the neighboring lines are considered to be a nonnegligible contribution, one can consider apodizing the interferogram, which helps to localize the spectral feature (i.e., suppress the line-shape contributions in the wings of the line). The remaining data processing to determine the phase is identical to the single-line case. This procedure can also be readily applied in the case of three or more lines in the passband as long as the spectral features are well separated so they can be isolated. A phase determination can be achieved for each line independently.
Conclusion
We have described the optical concept of Doppler asymmetric spatial heterodyne spectroscopy (DASH), a technique with heritage from conventional spatial heterodyne spectroscopy and stepped Michelson interferometers. DASH allows high precision, high sensitivity Doppler-shift measurements of emission lines and is therefore well suited for wind speed measurements in Earth's and other planetary atmospheres.
We have shown how to determine the Doppler shift from the DASH interferogram phase shift. We have also shown how the measurement uncertainty in the interferogram propagates to the phase. Furthermore, we discussed specific DASH design parameters, such as the optimum path difference offset, passband, Littrow wavenumber, and resolving power. After covering field-widening aspects for DASH interferometers we summarized the most important advantages and trade-offs of DASH compared to stepped Michelson interferometers and Fabry-Perot interferometers. Two major advantages of DASH are that it does not require an ultranarrow optical filter that limits the sensitivity and that a simultaneous calibration measurement can be performed to track instrument drifts. Finally, we reported the first measurement of a Doppler shift with a non-field-widened DASH laboratory breadboard.
